Today's large-scale poultry production with densely stocked and enclosed production buildings is often accompanied by very high concentrations of airborne microorganisms leading to a clear health hazard for employees working in such environments. Depending on the expected exposure to microorganisms, work has to be performed under occupational safety conditions. In this study, turkey houses bioaerosols were investigated by cultivation-based and molecular methods in parallel to determine the concentrations and the composition of bacterial community. Results obtained with the molecular approach showed clearly its applicability for qualitative exposure measurements. With both, cultivation-based and molecular methods species of microorganism with a potential health risk for employees (Acinetobacter johnsonii, Aerococcus viridans, Pantoea agglomerans, and Shigella flexneri) were identified. These results underline the necessity of adequate protection measures, including the recommendation to wear breathing masks during work in poultry houses.
INTRODUCTION
According to the European Council Directive (EC) 2000/54/EC (Anonymous, 2000) on the 'Protection of workers from risks related to exposure to biological agents at work', nature, degree, and duration of workers' exposure to microorganisms must be assessed. In Germany, the Ordinance on safety and health protection at work involving biological agents [Biological agents ordinance-BioStoffV (Anonymous, 1999) ] is the national implementation of this EC Council Directive. Based on the possible infection risks of bacteria, viruses, fungi, or parasites, these biological agents have been classified into four risk groups (ranging from Risk Group 1, non-pathogenic, up to Risk Group 4, highly pathogenic microorganism) for a work-related risk assessment in the European Union's statutory classifications (Annex III Directive 2000/54/EC), which have been implemented and extended, for example, in Germany by the Technical Rules for Biological Agents (TRBA) 460-466 (Anonymous, 1998 (Anonymous, , 2002a (Anonymous, ,b, 2005b or in Switzerland by the Swiss guidelines (Anonymous, 2003a (Anonymous, ,b, 2004 (Anonymous, , 2005a . Depending on the expected exposure circumstances, work has to be performed taking occupational safety measures into consideration. This has already been implemented in the German rule TRBA 230 (Anonymous, 2007) , in which the basic safety measures to protect workers, exposed to biological agents in forestry and agriculture are described in detail.
An exposure to biological agents via the air is of particular concern. Bioaerosols at agricultural working places show a very complex composition. The organic dust often found in these environments is composed of particles, originating from e.g. litter,
*Author to whom correspondence should be addressed. Tel: þ49-30-51548-4188; fax: þ49-30-51548-4171; e-mail: jaeckel.udo@baua.bund.de manure, feed, silage, dandruff, or feather formation, and may contain viable but also non-viable microorganisms like fungi and bacteria or viruses. In particular, the large-scale poultry production with densely stocked and enclosed production buildings is often accompanied with very high concentrations of airborne microorganisms. However, for many specific work places in poultry houses, only few data about bioaerosol composition exist, which is a prerequisite for an adequate risk assessment.
The established methods for quantitative as well as qualitative exposition assessment are most often cultivation-based. However, these cultivation-based approaches have clear limitations because they underestimate the total number as well as the number of viable cells (see Amann et al., 1995 for a summary) . In addition to dead cells, samples may contain viable but non-cultivable organisms (VBNC) (Heidelberg et al., 1997) . As a further problem, viable organisms may be unable to grow in or on the media or at the incubation temperatures offered. Dead microbial cells are no longer infectious agents, but they may still cause allergic reactions. Other microbial components, e.g. toxic metabolites or cell components like endotoxins or mycotoxins, may induce additional adverse health effects. This refers as well to biological agents assigned to Risk Group 1. It has frequently been shown that, for example, inhalation of members of the genera Thermoactinomyces and Saccharopolyspora is associated with extrinsic allergic alveolitis of workers at agricultural working places (summarized in Sennekamp, 2004) . This complex situation demonstrates the difficulties in bioaerosol investigation, and consequently, further sophisticated techniques are required in addition to the cultivation-based approaches. Microscopic methods like DAPI (49, 6-Diamidino-2-phenylindole) or Live Dead staining offer the opportunity of quantification but without identification. Polymerase chain reaction (PCR)-based techniques may provide the advance of quantification and identification in one step, independently of viability or cultivability. As those methods find more and more application within environmental studies today, they were not often engaged for occupational exposure studies. But even for these DNA-based methods, bias has been shown (Chandler, 1998; Polz and Cavanaugh, 1998; Acinas et al., 2005) . Application of both approaches may deliver a higher resolution of abundant bacteria. Therefore, in this study, bioaerosols sampled in turkey houses were investigated by cultivation-based and molecular methods in parallel to determine the concentration and the composition of the bacterial communities.
MATERIAL AND METHODS

Sampling site
Samples were taken in a conventional farmed turkey fattening facility (2 Â 7000 animals) in Germany at the end of March 2007. The complex consisted of three equally constructed houses. Temperature and ventilation were regulated by inflow of ambient air through automatically controlled roller blinds. Turkeys were separated by male (n 5 6526) and female (n 5 3500) birds and had an age of 7 weeks at the time of aerosol sampling. The birds were allowed to move freely on the litter, consisting of straw, which was renewed once a week.
Bioaerosol sampling
Airborne microorganisms were sampled using filtration devices (MD8 aluminium stacks; Sartorius, Göttingen, Germany) and all-glass impingers (AGI-30; Ace Glass Inc., Vineland, NJ, USA) in parallel. An air volume of 0.6 m 3 (MP2-39; Umweltanalytik Holbach, Wadern, Germany) was collected by filtration within 20 min (28.1 l min
À1
) through polycarbonate membrane filters (Millipore, Isoporeä ATTP 0.8-lm pore size). For impingement, a mean air volume of 0.342 m 3 (GSA 50-1; GSM GmbH, Neuss-Norf, Germany) was collected within 30 min (11.4 l min
) through impingers filled with $32 ml sterile filtered 0.9% (w/v) NaCl solution. The sampled air volume was monitored by calibrated gas meters (Remus4; GSM GmbH, Neuss-Norf, Germany and Gallus 2000; Actaris, Karlsruhe, Germany). For each measurement, the filtration devices (vent downside) and impingers were mounted on a tripod (1.5 m height) in the middle of the houses. For each method, two samples were taken consecutively at the same daytime in both houses. Additionally, for each sampling method, one control sample was generated as described above but without air sampling.
Preparation of bioaerosol samples for cultivation and molecular methods
Cells collected on polycarbonate filters were detached into isotonic NaCl using a Stomacher 80 (Biomaster, Seward, UK). Impingement suspensions were used directly for analysis. For isolation and quantification of culturable bacteria, Tryptone Soy Agar (TSA; Roth, Karlsruhe, Germany), MacConkey Agar (McC; Merck KG, Darmstadt, Germany), and Actinomycete Isolation Agar (AIM; Difco, Detroit, MI, USA) were used. Bioaerosol sample liquids were serially diluted and aliquots of 0.1 ml plated onto media plates in triplicates. Visible colonies were counted after an incubation time of 3 days (McC), 7 days (TSA), and 14 days (AIM) at 37°C, respectively.
Recovery of isolates from bioaerosol samples and phylogenetic affiliation
After quantification of colony-forming units (CFUs), colonies were randomly chosen on the basis of different colony morphology and pure cultures were obtained by sub-cultivation on the corresponding media. Purity was checked by microscopy, Gram staining, and finally by 16S rRNA gene sequence analysis. Isolates of similar colony and cell morphology were studied by Restriction Fragment Length Polymorphism (Saiki et al., 1985) and isolates of equivalent patterns were grouped together.
For genomic DNA extraction, a loop of bacterial cells was transferred and mixed with 1.0 g Zirconium beads (Biospec Products, Bartlesville, OK, USA) in a reaction tube. Afterwards, cells were mechanically disrupted by vortexing (Vortex-Genie2; Carl Roth, Karlsruhe, Germany) this mixture for 1 minute. Subsequent DNA extraction steps were performed using the GenEluteä Plant Genomic DNA Miniprep Kit (Sigma Aldrich, München, Germany) following the manufacturers' instructions. For identification, the 16S rRNA gene of one isolate representing one of each group was amplified by PCR using universal bacterial 16S rRNA gene primers (Weisburg et al., 1991) . The PCR was performed (iQ5 cycler; BioRad, München, Germany) using the following thermal programme: initial denaturation at 95°C for 3 min, followed by 32 cycles of denaturation at 95°C for 45 s, annealing at 57.3°C for 45 s, and extension at 72°C for 1 min. The reaction was stopped after a final extension of 15 min at 72°C by cooling to 4°C. Assays were performed in a total volume of 50 ll containing 27.8 ll RNAse/DNAse-free water (Carl Roth, Karlsruhe, Germany), 5 ll 10Â 'Taq' buffer [containing (NH 4 ) 2 SO 4 ], 10 ll MgCl 2 (25 mM), 5 ll dNTP's (2 mM) (Fermentas, St. Leon-Rot, Germany), 1 ll of each primer (10 pmol ll À1 ) (Eurofins MWG Operon, Ebersberg, Germany), 0.2 ll Taq (5 U ll À1 ) (Fermentas, St. Leon-Rot, Germany), and 2 ll of genomic DNA. Amplicons were visualized after gel electrophoresis by ethidium bromide staining (0.05 lg ml À1 ) for verification of product specificity. Specific PCR products were purified using the QIAquick PCR purification kit (Qiagen, Hilden, Germany) according to the instructions of the manufacturer. Subsequent sequencing analyses were performed as remittance work (Agowa GmbH, Berlin, Germany). Sequence analysis was conducted using MEGA Version 4.0 software (Tamura et al., 2007) . The 16S rRNA gene sequences of $1300 bp length were compared to available sequences in Genbank using Basic local alignment search tool (BLAST) provided by the National Center for Biotechnology Information. Subsequently, all available 16S rRNA gene sequences of currently described type strains ['List of Prokaryotic names with Standing in Nomenclature' by J. P. Euzeby (http://www.bacterio.cict.fr/)] of the closest BLAST match were aligned by ClustalW included in MEGA 4.0. Evolutionary distances between the sequence pairs were calculated using the Kimura 2 parameter model. Phylogenetic trees were calculated by the neighbour-joining method. Stability of the tree branches was assessed with the bootstrap method using 1000 replicates.
Extraction of total community DNA from bioaerosol samples and determination of total cell count Extraction of total community DNA directly from bioaerosol samples for the molecular approach and total cell counts (TCCs) by DAPI staining were conducted as described previously (Fallschissel et al., 2009) .
Cloning analyses, sequencing, and assignment of operational taxonomic units to known genera DNA extracted directly from filtration samples of both turkey houses and from the impingement sample of House 2 was used for amplification of the bacterial 16S rRNA gene by the primers fD1 and rP1 (Weisburg et al., 1991) . These amplicons were employed to generate three independent Escherichia coli clone libraries (pGEM Ò T vector system kit; Promega, Madison, WI, USA); whereby gene inserts of 58 (Filtration House 1), 56 (Filtration House 2), and 51 (Impingement House 2) randomly picked clones were sequenced ($900 bp).
Comparative analysis was conducted using the MEGA programme Version 4.0 (Tamura et al., 2007) as described above for affiliation of the sequences obtained from the isolates. A sequence similarity of !98% between the clone sequences was defined as the level for operational taxonomic unit (OTU) separation.
Diversity of the clone libraries was further investigated by rarefaction analysis. Calculations were carried out using the windows-based freeware programme Analytic Rarefaction by Steven Holland (Version 1.3; www.uga.edu/$strata/software/, April 2009).
RESULTS
Concentrations of airborne microorganisms (CFU and TCC)
Concentrations of overall cultivable bacteria (on TSA) ranged between 9 Â 10 4 and 7 Â 10 5 CFU m
air. The corresponding TCCs were up to two magnitudes higher (data not shown). Concentrations of cultivable airborne bacteria, sampled by the impingement device, were generally below those obtained for the filtration samples. This was found for the cultivation-dependent and for the cultivation-independent TCC approaches. The concentration of airborne bacteria quantified by selective media McC and AIM varied between 3 Â 10 3 and 3 Â 10 6 m À3 air and 3 Â 10 4 and 3 Â 10 5 CFU m
À3
, respectively.
Identification of isolates
By cultivation-based techniques, overall 28 isolates, mostly Gram-positive organisms (23 of 28 isolates, 82.1%), were obtained. Sequencing of the 16S rRNA genes of all isolates revealed sequence assignment to the three phyla Firmicutes (n 5 8), Actinobacteria (n 5 15), and Proteobacteria (n 5 5). Most sequences could be allocated to the phylum Actinobacteria, and of these, most of them were closely related to the genera Nocardiopsis (n 5 4, 14.3%) and Brevibacterium stationis (n 5 3, 10.7%, Table 1 ). Four isolates belong to the genus Bacillus (n 5 4, 14.3%). Five isolates were found to be most closely related to species Aerococcus viridans, Acinetobacter johnsonii (n 5 2), Pantoea agglomerans, and Shigella flexneri. An overview of the identified species by cultivation is given in Table 1 .
16S rRNA gene clone library
In general, within the investigated clone libraries, which were generated from DNA extracted directly from bioaerosol samples, mostly sequences closely related to Gram-positive organisms were found. Abundant OTU were most closely related to sequences of species of the genera Lactobacillus, Aerococcus, Megamonas, Staphylococcus, and Weissella. The relative proportions of those genera varied only slightly within the samples of both houses. A high amount of clone sequences next related (sequence similarity .99.5%) to Risk Group 2 assigned species A. viridans, Olsenella uli, and Staphylococcus saprophyticus subs. saprophyticus were found (bold marked in Fig. 1) . Overall, the proportion of assigned sequences to not yet cultured species was higher within the clone library obtained from the impingement bioaerosol samples of Poultry House 2 (.10%) than within the clone libraries from both filtration samples.
Rarefaction analysis evaluated statistically whether screening of these clones was sufficient to estimate the total diversity within each sample. Here, for clone libraries of all three samples, the analysis of 51, 56, and 57 clones, respectively, were sufficient to detect the majority of species (Fig. 2) .
DISCUSSION
Concentrations of bacteria in the investigated turkey house air samples of this study (between 9 Â 10 4 and 7 Â 10 5 CFU m À3 , TSA) were similar to those found in earlier investigations (Zucker et al., 2000; Saleh et al., 2003; Venter et al., 2004) . In relation to the background level of airborne microorganisms with an average of $100 CFU m À3 air (Bovallius et al., 1978) , these concentrations are notably high and exceeded the suggested occupational exposure level of 10 5 CFU m À3 suggested by Dutkiewicz et al. (2000) . The total cell numbers observed directly by fluorescence microscopy were even up to two magnitudes higher underlining the high WorkRelated-Microbial-Exposure-Level (WoRMEL) in investigated turkey houses. In contrast, Eduard and Heederik (1998) suggest a no-effect-level for respiratory disorders and fever of 10 6 -10 8 spores m À3 air in highly contaminated working environments by a systematic review. To date, there have been no specifications regarding the exposure level from which breathing protection must be worn. In view of increasing respiratory disorders related to dustladen environments, however, the recommendation has been formulated that respirators should be worn during activities in dust-laden atmospheres, even for activities of short duration (TRBA 230).
Comparison of quantification results showed differences in concentrations depending on the used sampling method. Both, TCCs as well as concentration of cultivable bacteria determined after impinger sampling were generally below those obtained by filter sampling. This can be explained by the lower physical sampling efficiency of the impingement device. An accumulation of particles e.g. at the bend of the impinger inlet tubes has been observed after sampling, which has been described as one effect lowering the sampling efficiency (Grinshpun et al., 1994; Albrecht et al., 2005; Gärtner et al., 2008; Fallschissel et al., 2009) . The significant differences in concentrations observed between the used detection methods can generally be attributed to the limited detection capability of cultivation-based approaches in general and in particular for bioaerosol monitoring (e.g. Oppliger et al., 2008; Fallschissel et al., 2009) . Such differences are particularly very pronounced if a high percentage of dead microorganisms is present and/or the abundant microorganisms feature a high metabolic diversity. Basically, the air is considered as an extreme environment for microorganisms. Beside the VBNC (Heidelberg et al., 1997) , a high percentage of dead microorganisms can be expected, which will explain the differences. Overall, by both methodological approaches, members of 28 different bacterial genera were detected. The variety of different genera that have been observed reflects the high diversity and indicates the presence of bacteria originating from different microbial habitats.
The animals seem to be the most important sources of airborne microorganisms in the investigated turkey houses. Lactobacilli, which we detected in confinements air by the molecular cloning approach e.g. have been detected as dominant colonizer in turkey faeces (Lu and Domingo, 2008) . Furthermore, the molecular assay revealed sequences most closely related to the family Enterobacteriaceae and to yet uncultured species which were nearly all obtained as poultry intestinal microbiota (Bjerrum et al., 2006; Bull et al., 2006; Gill et al., 2006; Scupham, 2007a,b; Dethlefsen et al., 2008; Lu and Domingo, 2008; Scupham et al., 2008; Turnbaugh et al., 2009 ). Staphylococcus spp., which we found as one dominant group in 16S rRNA gene clone libraries, have commonly been found in the air of poultry houses or poultry slaughtering plants by different approaches (Ellerbroek, 1997; Seedorf et al., 2005; Hartung and Schulz, 2007; Oppliger et al., 2008) . These bacteria are generally expected as normal inhabitants of the human or animal skin. Staphylococcus epidermidis was detected as one frequent bacterium in the air of a poultry slaughterhouse, poultry feed plants, and eyes from newly hatched and young domestic ducklings (Chalmers and Kewley, 1985; Haas et al., 2005; Ghasemkhani et al., 2006; Martin et al., 2010) . In this study, 16S rRNA gene sequences most closely related to Staphylococcus cohnii and Staphylococcus equorum were obtained. To our knowledge, this study represents the first analysis of bacterial exposure quality in turkey houses by generation of 16S rRNA gene clone libraries together with cultivation-based approaches. The taxonomic classification (and identification) of prokaryotes at genus level is currently based on sequence analysis of the 16S rRNA gene. Because these molecules are involved in essential cellular functions (e. g. protein biosynthesis), this gene can be found in all prokaryotes. This gene is functionally stable; wherefore, it meets all the requirements for use as phylogenetic marker. The 16S rRNA gene has a length of $1500 nucleotides. It comprises highly conserved sequence regions, which are the same in all prokaryotic genomes (Ludwig and Klenk, 2001) . In contrast, the hypervariable sequence regions can be used to distinguish bacteria. The composition of detected genera in investigated bioaerosol samples differed, depending on the applied analytical approaches (Fig. 1, Table 1 ). In total, species of 28 different genera were detected. Only six genera, Aerococcus, Bacillus, Brevibacterium, Jeotgalicoccus, Microbacterium, and Staphylococcus, were detected by both methods. Each method revealed 11 further genera, which were not detected by the second method. This can be explained by the different objectives of both methods. Cultivation is always selective and only living and cultivable microorganisms are detected. Molecular techniques do not discriminate between living and dead microorganisms. However, molecular techniques show other obstacles, e.g. the efficiency restrictions of DNA extraction or the sequence selective PCR amplification (Wilson, 1997; Polz and Cavanaugh, 1998; Acinas et al., 2005) . By the applied cloning analyses, the composition of bacterial 16S rRNA gene sequences in the genomic DNA, which has been directly extracted from the bioaerosol can be derived after an initial gene amplification by PCR. Depending on the number of analysed clones, following the probability law (sampling without replacement), only the dominating 16S rRNA gene sequences can be detected. Therefore, multiple 16S rRNA gene operons in a bacterial genome or a sequence selective amplification can overestimate its proportion in a clone library so that results do not allow quantification. In total, however, results of the rarefaction analysis showed that the majority of the dominant species has been comprehended in our examination (Fig. 3) and compositions of the bacterial communities detected in the houses were very similar at the genus level (Fig. 1) . Dominating sequences in each of the three clone libraries were most closely related to species of the genera Lactobacillus, Aerococcus, Megamonas, and Staphylococcus.
The majority of isolated bacteria were most closely related to bacterial species of the Risk Group 1. Nevertheless, some isolates, based on 16S rRNA gene comparison, were most closely related to members of the Risk Group 2 (Table 1) , which means one that can cause human disease and might be a hazard to workers; it is unlikely to spread to the community; there is usually effective prophylaxis or treatment available. Independent of the applied analytical approach, the community analyses revealed species most closely related to A. viridans, A. johnsonii, P. agglomerans, and S. flexneri, which are known as bacteria of potential health risk, the first three species especially as causatives of different pulmonary disorders. P. agglomerans is shown to act as a causative agent for allergies and lung diseases in workers of agricultural work environments (Milanowski et al., 1998; Van Rostenberghe et al., 2006) . Martin et al. (2010) , for example, described a clear cytotoxic effect of one strain of P. agglomerans on the cell lung cancer cell line A549. Furthermore, Dutkiewicz (1997) has shown that in particular, P. agglomerans causes hypersensitive alveolitis. P. agglomerans has been shown to produce a strong endotoxin, which is suspected to be a main cause for acute byssinosis symptoms (Rylander, 1981 (Rylander, , 1987 and allergens, which may be cause of allergic alveolitis (Dutkiewicz et al., 1985; Milanowski et al., 1998) . These results together with our findings of P. agglomerans independently of the applied approach underline the health risk for employees. Another Gram-negative genus common in organic dusts and constituting a potential hazard to exposed workers is Acinetobacter (Haglind et al., 1981; Skórska et al., 2007) . Acinetobacter spp. have previously been reported as nosocomial pathogens since many years, whereas the human respiratory tract is the most common site for infections (Forster and Daschner, 1998) . The high desiccation resistance together with the increasing resistance of Acinetobacter species against antibiotics (Towner, 1996 (Towner, , 2006 , which are frequently used in poultry production, may lead to an increasing health hazard for employees at this working places by these species.
In addition, A. viridans was detected by isolation as well as by the molecular approach to a high extent (Fig. 3) . Species of the genus Aerococcus are Grampositive cocci that are commonly found in the air of occupied places and in dust (Williams et al., 1953) . It has frequently been found in poultry houses (Nielsen and Breum, 1995; Haas et al., 2005) . The clinical significance of A. viridans has clearly been shown as it has been associated with different human infections (Facklam and Elliott, 1995; Gopalachar et al., 2004; Popescu et al., 2005) . Further sequences most closely related to genera, which harbour Risk Group 2-related species are highlighted in Fig. 1 by bold letters. In contrast, Campylobacter and Salmonella were not detected, although both have frequently been found by other research groups in poultry houses (Berrang et al., 1995; Berndtson et al., 1996; Albrecht et al., 2003; Venter et al., 2004; Bull et al., 2006; Harbaugh et al., 2006; Lues et al., 2007; Chinivasagam et al., 2009; Fallschissel et al., 2009; Olsen et al., 2009) and livestock-related bioaerosols (Wathes et al., 1988; Whyte et al., 2001; Haas et al., 2005) . By these techniques, a better insight into abundant and dominating microorganisms in bioaerosols can be obtained. However, there have to be more measurements for validation and data acquisition. With knowledge of occurring organisms, genus-or species-specific quantitative real-time PCR may be a high-potential method for future workplace exposure measurements. These results can subsequently be applied in epidemiological surveys and quantitative exposure studies (e. g. Fallschissel et al., 2009) .
CONCLUSIONS
Results of the molecular approach showed clearly its applicability for qualitative exposure measurements. With both cultivation-based and molecular methods high concentrations as well as species of potential health risk (A. johnsonii, A. viridans, P. agglomerans, and S. flexneri) were detected. The results of the presented study underline the necessity of an adequate breathing protection during work in poultry houses. After further validation, these techniques may lead to group-specific quantitative real-time PCR measurements, useful in new epidemiological and quantitative exposure studies. sequences within the group of validly described Aerococcus species. Accession numbers are given in brackets. Multiple alignments, distance calculations (distance options according to the Kimura-2 model), and clustering were performed by the neighbour-joining method. Bootstrap values based on 1000 replications are indicated as percentages at the branching points. The scale bar corresponds to 0.05 nucleotide substitutions per 100 base pairs.
